Visualization of expanding fusion pores in secretory cells
Prabhodh S. Abbineni 1 , Daniel Axelrod 1,2 , and Ronald W. Holz 1  Secretory cells package their protein cargo into granules, which must fuse with the plasma membrane for these proteins to be released. Such exocytosis requires not only fusion of the granule membrane with the plasma membrane but also expansion of the fusion pore from the earliest detectable diameter (2-3 nm) to tens of nanometers or more. New optical techniques have enabled live imaging of the expanding fusion pore and have revealed unexpected diversity and regulation of this last step of exocytosis. Indeed, a series of papers from the laboratory of Ling-Gang Wu have used elegant, live-cell confocal and 3-D stimulated emission depletion (STED)-based imaging techniques to examine secretory granules in chromaffin cells immediately before and after fusion. Using cytosolic leaflet probes, mainly GFP-tagged pleckstrin homology domain of phospholipase C δ1 (PH-GFP), which binds to phosphatidtylinositol 4,5 bisphosphate, this work has provided beautiful images of the omega figures indicative of fusion. In this article, we put these studies into an historical context and examine the dynamics and implications of fusion-induced accumulation of phosphatidylinositol 4,5-bisphosphate on the granule membrane. We also discuss diffusion of lipid-associated protein through the fusion pore.
Historical perspective
The classical studies of Palade revealed by electron microscopy omega figures that reflect protein discharge at the plasma membrane in pancreatic acinar cells (Palade, 1975) . Early electron microscopic studies demonstrated a variety of configurations of the fused granule membrane in anterior pituitary cells (Farquhar, 1961) , posterior pituitary cells (Nagasawa et al., 1970) , and adrenal chromaffin cells (Grynszpan-Winograd, 1971 ). The development of rapid freezing techniques (Heuser et al., 1979) eliminated both spatial and temporal fixation artifacts that confounded earlier studies that imaged secreting cells. These techniques permitted the capture for the first time of virtually instantaneous images of fusion pores at varying degrees of expansion in mast cells (Chandler and Heuser, 1980; Curran et al., 1993) , Limulus amoebocytes (Ornberg and Reese, 1981) , and chromaffin cells (Schmidt et al., 1983) . Investigations of the fusion pore in living cell (reviewed in Chang et al., 2017; Sharma and Lindau, 2018) began with the identification of a narrow, dynamic initial fusion pore using electrical techniques by the laboratories of Zimmerberg (Zimmerberg et al., 1987) and Almers (Breckenridge and Almers, 1987) . In fact, electrical measurements demonstrated semistable fusion pores lasting for seconds from giant granules in mast cells of the beige mouse (Curran et al., 1993) . Microamperometry, by measuring the kinetics of catecholamine discharge from individual secretory granules in chromaffin cells, provided further evidence for a narrow initial fusion pore (Chow et al., 1992; Jankowski et al., 1993; Albillos et al., 1997) . Missing for many years was the real-time optical investigation of the transition from the narrow fusion pore to the longer-lived structures evident in electron micrographs. Such a structure was detected in living cells by imaging the cytosolic volume occupied by a fused granule (Taraska et al., 2003) . Subsequently, high spatial and temporal resolution imaging capable of investigating a range of fusion outcomes was accomplished by measuring the orientation of a plasma membrane fluorophore (DiI), and thereby membrane curvature, using a combination of polarization and total internal reflection fluorescence microscopy (Anantharam et al., 2010) . The diffusion of DiI from the plasma membrane into the granule membrane revealed the high-curvature, fused granule/plasma membrane interface. The approximate shape and dynamics of the structures could be inferred from the measurements and indicated a variety of outcomes. They ranged from a complete loss of curvature within 200 ms of fusion, consistent with collapse into the plasma membrane, to events in which curvature persisted for tens of seconds. The approach allowed direct investigation of the effects of the fusion pore on lumenal protein discharge. Importantly, the dynamics of the transition from the early fusion pore were found to be regulated by the GTPase activity of dynamin (Anantharam et al., 2010 (Anantharam et al., , 2011 , lumenal granule protein (Weiss et al., 2014) , and synaptotagmin (Rao et al., 2014) .
Live imaging of the expanding fusion pore Recent work from Ling-Gang Wu and colleagues has used livecell confocal and 3-D STED-based imaging techniques to examine secretory granules in chromaffin cells immediately before and after fusion (Zhao et al., 2016; Shin et al., 2018) . In one study (Shin et al., 2018) , the authors examined the fate of the granule after initial fusion pore formation and provided images of the omega figures associated with fusion. Fusion pores ranging from 60-nm diameter (the lateral resolution limit in 3-D STED) to >100 nm were often evident. Most of the experiments relied on a cytosolic leaflet probe for phosphatidylinositol 4,5-bisphosphate (PI-4,5-P 2 ), PH-GFP, although other membrane probes were also used.
This work by Shin et al. (2018) therefore confirms and extends current understanding that there are numerous fates of the secretory granule membrane after the formation of the initial narrow fusion pore (∼2-nm diameter) and that fusion pore expansion can be regulated. What is significant and unique about the studies is the remarkable imaging that reveals the actual geometries of the postfusion granule membrane, with time resolution sometimes as short as 26 ms. The imaging directly demonstrates that the partially expanded fusion pore is dynamic. Note that one should cautiously interpret the details of the dynamics and relative frequencies of the various configurations of the postfusion granule membrane because imaging was performed at 20-22°C, not at 37°C. Membrane events associated with secretion are significantly temperature sensitive (Bittner and Holz, 1992; Earles et al., 2001; Micheva and Smith, 2005; Zhang and Jackson, 2008) .
Use of PH-GFP to label cytosolic membrane leaflet
The authors interpret the labeling of the granule membrane by PH-GFP upon fusion (and often before fusion) as reflecting the diffusion of PH-GFP/PI-4,5-P 2 complex from the cytosolic leaflet of the plasma membrane into the fused cytosolic leaflet of the chromaffin granule. There are at least three issues to consider that are relevant for the interpretation of the experimental results with the probe: reversibility of binding, effects on exocytosis, and diffusion times into the fused granule membrane.
Dynamic binding of PH-GFP to membrane PI-4,5-P 2
The PH domain of phospholipase C δ 1 binds to PI-4,5-P 2 (and cytosolic IP 3 ) and was developed by the laboratory of T. Balla as a probe of PI-4,5-P 2 -containing membranes (Várnai and Balla, 1998) . Membrane-bound PH-GFP is in dynamic equilibrium with cytosolic PH-GFP and changes in the concentrations of PI-4,5-P 2 or IP 3 rapidly alter the equilibrium (Várnai and Balla, 1998) . Studies in HEK cells examined quantitatively the dynamics of PH-GFP in the plasma membrane at 37°C (Hammond et al., 2009 ). The diffusion coefficient of PH-GFP when bound to PI-4,5-P 2 is ~10 -8 cm 2 /s. The probe dissociates from the plasma membrane with a time constant of 2 s. Association rates are much more rapid. The characteristic range of travel of membrane-bound PH-GFP before it dissociates from PI-4,5-P 2 is ∼2 µm. It is likely that PH-GFP in chromaffin cells has similar dynamics. It dissociates within seconds from the plasma membrane not only upon activation of phospholipase C (Holz et al., 2000) , but also upon plasma mem- Figure 1 . Digitonin permeabilization reveals reversible binding of PH-GFP to the plasma membrane of chromaffin cells. Bovine chromaffin cells were cotransfected with plasmids encoding PH-GFP and mCherry and imaged 5 d later in epifluorescence. Cells were bathed in Na glutamate solution (139 mM Na glutamate, 20 mM PIP ES, 0.5 mM EGTA, 0.5 mM MgCl 2 , and 2 mM ATP) at 27°C and individually perfused with bath solution containing 10 µM digitonin through a 100-µm-inner-diameter glass pipette. (A) Within 30 s of digitonin application, gaps appeared in the PH-GFP-labeled plasma membrane (arrow) and a wave of loss of membrane PH-GFP fluorescence occurred starting at the plasma membrane proximal to the gaps. (B) PH-GFP intensities of segments of the plasma membrane proximal and distal to the gaps and in the cytosol were measured. Cytosolic mCherry fluorescence is rapidly lost coincident with the appearance of a gap in the plasma membrane, and PH-GFP fluorescence on the plasma membrane proximal to the gap decreases almost as rapidly as cytosolic mCherry and cytosolic PH-GFP. These results are similar to those from three other cells in which an initial gap in the PH-GFP fluorescence was detected.
brane permeabilization with a low concentration of digitonin as shown in Fig. 1 . Membrane-bound PH-GFP is lost from the membrane coincident with the loss of a cytosolic marker, mCherry (Fig. 1) . Because fusion profiles imaged by PH-GFP have durations of many seconds (Zhao et al., 2016; Shin et al., 2018) , the labeling undoubtedly reflects dynamic exchange of the probe between the membrane and cytosol as diagramed in Fig. 2 . Importantly, the stable labeling with PH-GFP of the granule membrane upon fusion (and before fusion, see below) indicates that granule membrane has acquired PI-4,5-P 2 .
PH-GFP inhibits exocytosis
An earlier study using this probe demonstrated in chromaffin cells that the plasma membrane, but not the secretory granule membrane, is labeled by PH-GFP, indicating that plasma membrane but not the secretory granule membrane before fusion contains PI-4,5-P 2 (Holz et al., 2000) . Importantly, the study demonstrated that PH-GFP partially inhibits fusion over a wide range of Ca 2+ currents, providing further support for a role of PI-4,5-P 2 in exocytosis, as shown by other studies (Eberhard et al., 1990; Hay and Martin, 1993; Hay et al., 1995; Milosevic et al., 2005) . Fusion is likely compromised because PH-GFP competes with proteins that must bind to PI-4,5-P 2 to enable exocytosis. It is unknown whether changing the effective concentration of PI-4,5-P 2 at the fusion site changes only the probability of exocytosis or additionally alters fusion pore profiles and dynamics, an important issue for the interpretation of the optical experiments using PH-GFP (Zhao et al., 2016; Shin et al., 2018) .
Diffusion times into the fused granule membrane
Labeling of the granule membrane with PH-GFP commences within tens of milliseconds of fusion (Shin et al., 2018) , with a time constant of ∼400 ms (Zhao et al., 2016) . These findings are consistent with another study that detected an increase in a PI-4,5-P 2 at fusion sites at the time of discharge using another PI-4,5-P 2 probe (Trexler et al., 2016) . How then does one interpret the labeling of the granule membrane with PH-GFP in the experiments by Wu and colleagues? The authors suggest in this and a previous publication (Zhao et al., 2016) that the probe bound to PI-4,5-P 2 diffuses from the plasma membrane through the fusion pore into the granule membrane. It is interesting to quantitatively consider the possibility. This mathematically complex diffusion problem has been solved in the context of lipid diffusion after viral fusion (Rubin and Chen, 1990) . Fortuitously, the solution can be applied to the diffusion of PH-GFP/PI-4,5-P 2 from the plasma membrane of a 10.5-µm-radius cell into a fused granule membrane with a radius of 150 nm (dimensions appropriate for chromaffin granules and chromaffin cells) via fusion pores of radii of 7.5, 15, and 30 nm. These numbers give the same values of the dimensionless parameter Dt/R 2 (where D is the diffusion coefficient, t is time, and R is the radius of the cell) included in Fig. 2 of Rubin and Chen (1990) and underlying the calculations in Table 1 of Rubin and Chen (1990) . As discussed above, the diffusion coefficient of membrane-bound PH-GFP is 10 −8 cm 2 /s (Hammond et al., 2009 ), similar to that of PI-4,5-P 2 (Golebiewska et al., 2011) . It is the same diffusion constant used by Rubin and Chen in their calculation. From rows 4-6 of Table 1 of Rubin and Chen (1990) , the time for the diffusing species to reach one-half of its final concentration in the granule membrane for fusion pores of radii 7.5, 15, and 30 nm are 234, 180, and 126 ms, respectively. The decrease in t 1/2 with increasing fusion pore radius is expected because of the greater circumference through which the protein-lipid complex can diffuse.
The Rubin and Chen solution is exact but requires considerable computational power to extend to other fusion pore radii. As a quicker and simpler alternative, we have calculated the minimum time it would take for diffusional flow from a planar plasma membrane to supply a fused granule with enough molecules to attain a concentration of one half its final concentration. The calculation assumes that the fusion pore ring is a "perfect sink" that instantly and permanently transfers every molecule that hits it into the granule (Eq. 5.79 in Crank [1967] ). The assumption understates the true transfer time because the ring is not actually a perfect sink: some molecules that hit it from the planar membrane do in fact return to the planar membrane, thereby slowing the net transfer rate. For D = 10 −8 cm 2 /s (the diffusion coefficient of PH-GFP in the plasma membrane; Hammond et al., 2009 ), granule radius = 150 nm, and fusion pore radii variously set to 7.5, 15, and 30 nm, the lower bounds for planar diffusion are 199, 130, and 68 ms, respectively (Fig. 3 A) . To this minimum diffusion time in the plane, another delay must be taken into account: the time it takes for molecules to diffuse around the surface of the spherical granule after they arrive at the fusion pore ring. This latter time can be calculated from an exact theory (Velez and Axelrod, 1988) for the case where all the molecules arrive at the fusion ring simultaneously (which they do not). Nevertheless, this spherical surface Figure 2 . Dynamic binding of PH-GFP and PI-4,5-P 2 and postfusion labeling of the secretory granule membrane. PH-GFP reversibly binds to PI-4,5-P 2 . The stable labeling of the fused granule membrane by PH-GFP probably reflects diffusion of PI-4,5-P 2 , bound or unbound to PH-GFP, with simultaneous association and dissociation of PH-GFP and PI-4,5-P 2 . The left and right side of the fusion pore depict diffusion of PH-GFP/PI-4,5-P 2 or unbound PI-4,5-P 2 , respectively. De novo synthesis of PI-4,5-P 2 on the fused granule membrane (see text) would also enhance PH-GFP binding. diffusion will only increase the total time needed for the granule to become populated. With the restricted assumption of a simultaneous start, the time needed for the distal pole of a spherical granule to reach 1/2 of its final concentration is ∼20 ms, decreasing only slightly with increasing fusion pore radius in the 2-30 nm range (Fig. 3 B) . Therefore, from the relevant equations for the two steps, it is evident that the first step-diffusion from the plasma membrane through the fusion pore-is the rate-limiting step. The second step-diffusion around the spherical granuleadds only several tens of milliseconds to the whole process. The minimum time to approximately half fill the fused granule membrane is, very roughly, the sum of the calculations (Fig. 3 C, black  symbols) . The estimates of the minimal times for fusion pores of radii 7.5, 15, and 30 nm are consistent with the exact calculations (Fig. 3 C, red symbols) . The Rubin and Chen exact results at their three values of pore size were fitted to a parabola (the lowest order polynomial that can pass through all three points), and the parabola was extrapolated to 2-nm pore size (blue symbol). The minimum time and the extrapolation were reasonably close, with the Rubin and Chen extrapolation being slower than the estimate as expected, because the Rubin and Chen (1990) calculation allows for back diffusion. For a stable initial fusion pore with an outer radius of 2 nm, the extrapolation estimates ∼300 ms to half fill the fused granule. These considerations also apply to unbound PI-4,5-P 2 , which has a diffusion coefficient similar to that of PH-GFP/ PI-4,5-P 2 as well as other lipid-based probes (Zhao et al., 2016) .
The calculations indicate that for fusion pores that expand from radii of ∼2 to 30 nm, as in events imaged by Shin et al. (2018) , the diffusion time of PH-GFP/PI-4,5-P 2 or PI-4,5-P 2 is 150-300 ms. Thus, the 400-ms time constant for labeling of newly fused granules by PH-GFP (Zhao et al., 2016) is consistent with diffusion of the probe bound to PI-4,5-P 2 or diffusion of the lipid alone with subsequent rapid binding of cytosolic PH-GFP. The calculations in addition reveal that diffusion into the fused Figure 3 . Diffusion time for a lipid probe in the plasma membrane to accumulate in a fused secretory granule with a fusion pore. The following calculations were performed with a diffusion constant of 1 × 10 −8 cm 2 /s for PH-GFP (Hammond et al., 2009) . (A) Circular sink. Minimum time for diffusional flow from a planar plasma membrane to supply a fused granule with enough molecules to attain a concentration of one half its final concentration. The calculation from Eq. 5.79 in Crank (1967) assumes that the (fusion pore) ring is a "perfect sink" that instantly and permanently transfers every molecule that hits it into the granule. (B) Shell diffusion. Time to attain a concentration of one half the final concentration at the distal pole of a fused granule (300-nm diameter) if all of the protein that is to enter the granule is distributed at zero time along a ring (fusion pore) of specific radius. The calculation is based on Velez and Axelrod (1988) . (C) Time to half fill the granule membrane with plasma membrane probe through the fusion pore. The exact solution to this complex diffusion pathway has been solved (Rubin and Chen, 1990) . It was applied to the diffusion of PH-GFP/PI-4,5-P 2 from the plasma membrane of a 10.5-µm-radius cell into a fused granule membrane with a radius of 150 nm for fusion pores of radii of 7.5, 15, and 30 nm (red symbols). The three points were fitted with a parabola (red line), which was extrapolated to 2-nm pore radius (blue symbol and blue dashed line).The exact solution requires considerable computational power to extend to other fusion pore dimensions. Instead, the minimum time was estimated for a protein to reach one half of the final concentration by summing (black circles) the analyses in A and B. The minimum estimates of time and the exact solutions are remarkably consistent. Figure 4 . Appearance of PI-4,5-P 2 on the granule membrane upon hemifusion may delay or inhibit full fusion by misdirecting PI-4,5-P 2 -dependent reactions. The functions of several proteins in the fusion pathway (e.g., synaptotagmin, CAPS, and Munc13) require binding to PI-4,5-P 2 . It is generally thought that these interactions occur with plasma membrane PI-4,5-P 2 . The functions of these proteins may be thwarted if the proteins interact with PI-4,5-P 2 on the granule membrane before full fusion. The cartoon illustrates how the membrane interaction of a granule protein such as synaptotagmin would be altered by the appearance of PI-4,5-P 2 in the granule membrane.
granule does not occur within milliseconds, but is relatively slow, leaving ample time for another pathway to populate the fused granule membrane with PI-4,5-P 2 , which we consider below.
It should be noted that bulk movement of lipid by convection into or out of the fused granule membrane may occur if the fusion pore connects membranes at different tensions (Monck et al., 1990; Chizmadzhev et al., 1999) . Lipid convection could account for the enlargement or shrinkage of postfusion granule profiles that have been observed by Wu and colleagues in chromaffin cells (Chiang et al., 2014) . Lipid convection would either speed or retard the flux of PH-GFP/PI-4,5-P 2 into the granule membrane depending on the direction of convection.
Synthesis of PI-4,5-P 2 on the fused secretory granule membrane?
De novo synthesis of PI-4,5-P 2 on the granule membrane, in addition to diffusion, could contribute to the labeling of the granule membrane (cytosolic PH-GFP would then bind). PIP kinase I is associated with the plasma membrane (Choi et al., 2015) . The chromaffin granule membrane contains PI-4-P (Hawthorne et al., 1980) . The close association of the granule membrane to the plasma membrane upon or before fusion, by bringing the substrate and enzyme together, could stimulate PI-4,5-P 2 synthesis. There is, in fact, experimental support for the synthesis pathway. Direct biochemical measurements indicate that in both intact and permeabilized chromaffin cells, total cellular PI-4,5-P 2 increases by 10-30% in a Ca 2+ -dependent manner (Eberhard and Holz, 1991) coincident with secretion. The increase in permeabilized cells occurs over the same range of Ca 2+ concentrations (1-10 µM) that stimulates secretion, making it plausible that synthesis occurs on the newly fused granule membranes that significantly increase plasma membrane area. Indeed, the increase in surface area caused by fused granules during the biochemical experiments can be estimated to be ∼50% (assuming 10% of the granules undergoing exocytosis, a typical response in biochemical experiments), which is comparable to the increase in PI-4,5-P 2 . The biochemical experiments had a time scale of minutes and represent the ensemble of biochemical reactions in the cell culture occurring as fusion occurs asynchronously in cells over many minutes upon global stimulation of the cultures. The synthesis of PI-4,5-P 2 at individual fusion sites would undoubtedly have much faster kinetics. We therefore propose that that labeling of the granule membrane by PH-GFP reflects, at least in part, synthesis of PI-4,5-P 2 on the fused granule membrane.
Implications of rapid PI-4,5-P 2 appearance on the fused granule membrane Whatever the source of the lipid, the Shin et al. (2018) paper demonstrates that within tens of milliseconds of fusion, the granule membrane begins to acquire PI-4,5-P 2 . The appearance of PI-4,5-P 2 on the granule membrane has overlooked functional implications. The fused granule membrane remains a distinct entity in the plasma membrane for many seconds to minutes and serves as a nucleation site for endocytosis (Ceridono et al., 2011; Bittner et al., 2013) . Increased PI-4,5-P 2 on the fused membrane likely catalyzes PI-4,5-P 2 -dependent protein reactions, including those of dynamin and clathrin adaptors that determine the fate of the fused granule membrane by two forms of endocytosis:
(1) the binding of dynamin and the initiation within seconds of clathrin-independent endocytosis (fusion pore closure) (Artalejo et al., 1995 (Artalejo et al., , 2002 Elhamdani et al., 2006; Fulop et al., 2008) , and (2) slower clathrin-mediated endocytosis that gradually internalizes via nibbling the granule membrane (Bittner et al., 2013) .
There could be additional effects of PI-4,5-P 2 on the granule membrane. In ∼40% of the events, PH-GFP appears on the granule membrane before fusion or without subsequent fusion (Zhao et al., 2016) . These events are relatively long-lived, often lasting for many seconds, and must reflect the appearance of PI-4,5-P 2 on the cytosolic leaflet of the granule membrane, through either diffusion or de novo PI-4,5-P 2 synthesis when the granule and plasma membrane are in close apposition before fusion. The functions of synaptotagmin (Bai et al., 2004) , the Ca 2+ sensor in the granule membrane, and the priming factors CAPS (Grishanin et al., 2004) and Munc13 (Shin et al., 2010; Kabachinski et al., 2014) all require interaction with PI-4,5-P 2 . It is generally thought that the interaction occurs with plasma membrane PI-4,5-P 2 . The functions of these proteins may be altered if the proteins interact with PI-4,5-P 2 on the granule membrane before full fusion (Fig. 4) . Therefore, the proposed hemifusion profiles that were detected could represent slowed or thwarted fusion events as PI-4,5-P 2 -dependent synaptotagmin, CAPS, or Munc13 interactions are misdirected to the granule membrane.
Summary and outlook
The recent studies by Wu and colleagues (Zhao et al., 2016; Shin et al., 2018) demonstrate the power of state-of-the-art imaging to illuminate and investigate rapid, nanoscale events at the plasma membrane. The studies raise numerous issues concerning consequences of the close apposition of the granule and plasma membrane before and during fusion. It is likely that there are pathways of labeling the fused granule membrane with PH-GFP in addition to diffusion PH-GFP/PI-4,5-P 2 complex from the cytosolic leaflet of the plasma membrane. Whatever the pathways for labeling, the studies unexpectedly reveal the remarkably rapid appearance of PI-4,5-P 2 on the granule membrane upon fusion, and sometimes before fusion pore formation. The immediate consequences of its appearance are unknown but undoubtedly reflect the central role of this lipid in exocytosis and its aftermath.
